Abstract The phase equilibria of the ternary system BiMn-Sb were experimentally investigated with focus on the possible existence of a ferromagnetic continuous solid solution between a-BiMn and MnSb at 320°C (both B8 1 , NiAs structure type). Isothermal sections at 320 and 600°C were studied applying powder x-ray diffraction and scanning electron microscopy including energy dispersive x-ray spectroscopy. The corresponding isothermal sections at 320 and 600°C were established based on these results. A complete ternary reaction scheme (Scheil diagram) and a liquidus surface projection based on primary crystallization analyses and DTA (differential thermal analysis) were constructed. Furthermore, the vertical section at 10 at.% Sb was studied by DTA. A continuous solid solution between the isostructural phases a-BiMn and MnSb, as reported in the literature, could not be confirmed. A new hexagonal P6 3 /mmc setting of the known orthorhombic P222 1 ternary phase Bi x MnSb 1-x , based on single-crystal x-ray diffraction data, is described.
Introduction
An increase in the demand of rare earth elements (REEs), particularly for the production of efficient permanent magnets, will be a major factor for both cost and availability of these elements in the near future. Thus, extensive research has been devoted to design ferromagnetic materials free of REEs for more than two decades. An extensive review on potential compounds was given by Kramer et al. [1] Possible candidates for such REE-free ferromagnetic materials are among others, several Mn-based compounds, one of them being the compound BiMn, in particular the low temperature modification a-BiMn.
According to Massalski et al., [2] a-BiMn crystallizes in the hexagonal NiAs (B8 1 ) type structure (space group P6 3 / mmc) and is stable up to 353°C where it decomposes in a peritectic reaction into a Bi-rich liquid and the high-temperature modification b-BiMn (which itself decomposes peritectically at 446°C). Unfortunately, it has not been possible to synthesize a-BiMn as a bulk material without impurities, despite several decades of intensive research (see e.g. . A possible approach to circumvent these problems was considered the addition of a third component such as Ni, Pt or Rh, which forms an intermetallic phase with Bi that is iso-typic with a-BiMn. [9, 10] Another promising possibility was the partial substitution of Bi by Sb, which forms two ferromagnetic phases with Mn, i.e. Mn 2 Sb and MnSb. Of these, hexagonal MnSb is isotypic with a-BiMn; in addition, Bi and Sb are completely miscible with each other.
In the present study it was attempted to clarify the phase equilibria in the ternary Bi-Mn-Sb system, in particular to check for a possible stabilization of the ferromagnetic aBiMn phase by the addition of Sb. This possibility had been indicated by an early report by Dannöhl and Gmöhling [11] who found a continuous solid solution between a-BiMn and MnSb at 250°C.
Literature Overview

The Binary Systems
Experimental phase diagram information on the binary boundary systems was taken from the literature. For the Mn-Sb system, the results by Kainzbauer et al. [12] were used who established a thoroughly revised version of the Mn-Sb phase diagram.
Information on the Bi-Sb system, which exhibits a continuous solid solution, was taken from the phase diagram compilation of Okamoto. [13] The miscibility gap below 170°C, concluded by Ohtani and Ishida [14] based on thermodynamic calculations, was not considered in the present investigation.
The exact phase equilibria in the Bi-Mn system are still disputed, especially at temperatures above the peritectic reaction L ? d-Mn = c-Mn at 1138°C. For the present study the Bi-Mn phase diagram, up to the temperature of the peritectic reaction L ? b-Mn = a-Mn at 727°C, was accepted as shown by Massalski et al. [2] based on experimental data. Due to a lack of available experimental data above 727°C, the phase diagram assessment by Okamoto [15] is accepted. This assessment is based on a thermodynamic analysis by Oikawa et al. [16] and does not include a liquid miscibility gap originally shown by Massalski et al. [2] and Wang et al. [17] The existence of this liquid miscibility gap originates from an early study by Siebe [18] who observed two separate liquid layers between 23 and 99.5 wt.% Mn. However, it has to be mentioned that Siebe used for the synthesis of his big 20 g samples Mn metal which was contaminated with 3 wt.% Al, Si and Fe. The Bi-Mn phase diagram as used in the present study is shown in Fig. 1 .
The Ternary System
Only little information has been available on the ternary Bi-Mn-Sb system. In an early study, Dannöhl and Gmöhling [11] reported a continuous ferromagnetic solid solution between the two isotypic B8 phases MnSb and aBiMn at 250°C and showed a liquidus projection of the system. This continuous solid solution was in stark contrast to a later study by Ahlborn et al. [19] who investigated magnetic properties in the section MnSb-BiMn but could not confirm any continuous solid solubility. A study of the MnSb liquidus close to the monovariant line in the MnSbSb-Bi system, together with the determination of the corresponding tie lines at different compositions along this monovariant line, was published by Durand-Charre et al. [20] Several authors, among them Göble et al. [21] as well as Andersen et al., [22] reported the existence of a ternary compound Bi x MnSb 1-x with a composition close to the BiMn binary side (see below at section 2.3.). In a thermodynamic analysis of the entire ternary system by Uemitsu et al., [23] this phase was not included although its existence was mentioned in the text.
Beside this limited phase diagram information, only studies of Bi-Mn-Sb thin films were reported in the literature by Kang et al. [24] as well as Wang et al. [25] 2.3 The Ternary Phase Bi x MnSb 12x
Andresen et al. [22] reported that the binary high-temperature phase b-BiMn can be produced as a stable phase at low temperature by the addition of small amounts of Sb. They described the crystal structure of this phase with the composition Bi 0.9 MnSb 0.1 as orthorhombic with the spacegroup symmetry P222 1 which was confirmed later on by Göble et al. [21] In contrast, Ahlborn et al. [19] used the hexagonal setting derived from the NiAs-type of a-BiMn in their study of this ternary compound. Generally, the orthorhombic P222 1 structure can be derived from the hexagonal NiAs-type structure by a orth = a hex ; b orth = H3a hex ; c orth = c hex . Fig. 1 The Bi-Mn phase diagram according to Massalski et al. [2] up to the peritectic reaction at 727°C and according to Okamoto [15] for higher temperatures
In all studies regarding this phase, independently of sample preparation, impurities of unreacted Bi, Sb, Mn, as well as of MnO and Mn 2 Sb are mentioned. Although these impurities, especially Mn 2 Sb influence the magnetic measurements the investigations showed that the ternary phase Bi x MnSb 1-x is not ferromagnetic or has a smaller permanent magnetic moment compared to BiMn and MnSb.
A list of crystallographic data of binary and ternary compounds relevant for the current work is given in Table 1 together with relevant literature.
Experimental
Sample Preparation
Starting materials for all samples were pieces of Mn (99.95%, Alfa Aesar, Johnson Matthey Chemicals, Karlsruhe, Germany), Bi (99.999%, ASARCO, New Jersy, USA) and Sb (99.999% Alfa Aesar, Johnson Matthey Chemicals, Karlsruhe, Germany).
All sample handling was done, in a glove box (Labmaster SP MBraun, moisture and oxygen level below 0.1 ppm) under an Ar atmosphere to prevent oxidation of Mn.
For the 600°C isothermal section, the metals were manually pulverized and sieved (grain size \ 0.09 mm). Calculated amounts of the powders were mixed and pressed into pellets in a 5 mm pressing cylinder under a load of 20-25 kN. The pellets were placed into alumina crucibles which were sealed into evacuated silica glass tubes (* 10 -3 mbar) and heated up to 1100°C for 5 min, then cooled down within 30 min to 600°C and annealed at this temperature for at least 2 weeks. For the 320°C isothermal section, the element pieces were sealed into evacuated silica glass tubes (* 10 -3 mbar) and melted over an oxyhydrogen flame under shaking with optical control of the melting process. The annealing time was at least 3 weeks. All heating and annealing processes were carried out in muffle furnaces (Nabertherm, Germany) with a temperature accuracy of approximately ± 10°C depending on the sample location.
The samples containing 80 at.% Mn were produced as powder pellets and placed in closed tantalum crucibles. To prevent the formation of the intermetallic phase Mn 2 Ta a tungsten inlay was used. The materials were rapidly heated up to 1200°C and held for 5 min at this temperature in an induction furnace using an IR-laser pyrometer for the temperature control.
All the samples, except those for determination of the crystallisation, were annealed at 600 or 320°C, quenched in cold water and investigated by standard analytical methods as described below. Samples used to determine the primary crystallisation were quenched from the liquid and analyzed in their as-cast state. Details of sample preparation and annealing parameters are listed in Table 2 .
Characterization
Metallographic investigations were performed on polished samples utilizing a scanning electron microscope (SEM) (Zeiss Supra 55 VP) with energy-dispersive x-ray spectroscopy (EDX). Backscattered electrons were used to visualize the surface at 20 kV acceleration voltage. The EDX detector was calibrated by the pure elements Bi, Mn and Sb, for the energy calibration Co was employed. To minimize statistical errors, the average phase composition was obtained from at least eight spot/area scans. Differential thermal analyses (DTA) were performed on a DSC 404F1 Pegasus (Netzsch, Selb, Germany), applying evacuated silica glass crucibles (* 10 -3 mbar) as sample containers. In order to prevent a reaction between sample and silica glass, the crucibles were protected by a carbon layer on the inside. The temperature program included usually two heating/cooling cycles with a heating/cooling rate of 5 K/min starting from room temperature up to about 30°above the estimated liquidus temperature. Temperature measurements were performed with type S (Pt/PtRh) thermocouples calibrated at the melting points of Ag, Au, Sb and Sn. Zr was used as reference material. Invariant effects were evaluated from the peak onset, both on heating and cooling. Liquidus effects were evaluated from the peak maximum on heating and from the peak onset on cooling. Generally, the effects evaluated in the first heating run were deemed most reliable.
The phase identification was performed at ambient conditions by powder-XRD on a Bruker D8 Advance Diffractometer in Bragg-Brentano pseudo-focusing geometry (reflection setting), using Cu-Ka radiation and a LynxEye Ò one-dimensional silicon strip detector (exposure time: 1 h). For evaluation and Rietveld refinement of all diffraction patterns the TOPAS Ò 4.2 software [26] was used. For the determination of the crystal structure of the phase Bi x MnSb 1-x a single crystal was mechanically separated from a sample containing the new phase with a composition of Bi 41.3 Mn 50.7 Sb 8 together with remaining Bi. The composition was determined by SEM and the structure confirmed by powder-XRD. A NoniusKappa CCD four-circle diffractometer was used for the single crystal measurement employing graphite monochromatized MoKa radiation; it was equipped with a 300 lm capillaryoptics collimator, using a rotation angle of 2°per image, a detector-to-sample distance of 30 mm and a CCD detector (frame size 6219576 pixels). For data collection, the Collect software [27, 28] was used. The obtained unit cell (least-squares refinements of 2h values) and correctional parameters (Lorentz, polarization and absorption effects determined by multi-scan method) were used in the subsequent structure determination by the SHELXL-2014 software. [29, 30] 
Results and Discussion
A total of 48 ternary Bi-Mn-Sb samples were prepared and investigated for the construction of the isothermal sections and 17 samples for the liquidus surface projection.
The combined results of XRD and SEM measurements are listed together with experimental information in Table 2 and were used to construct the isothermal sections at 320 and 600°C; they are illustrated in Fig. 2 and 3 . EDX area scans were used to determine the composition of the matrix solidified from the liquid during quenching, especially in the 600°C section, which has been denoted by ''solidified liquid = L'' in Table 2 . DTA results are collected in Table 3 . Boundaries of phase fields confirmed by at least one sample are drawn using thin solid lines.
Isothermal Section at 320°C
The 320°C isothermal section, illustrated in Fig. 2 , shows the three binary phases a-BiMn, Mn 2 Sb and MnSb together with the ternary phase * MnBi 0.9 Sb 0.1 , designated here by s, but there is no indication whatsoever of a continuous solid solution between a-BiMn and MnSb as it had been found at 250°C by Dannöhl and Gmöhling. [11] Despite the difference of 70°, it must be concluded that such a continuous solid solution does not exist at any temperature. This is the more probable as the experimental conditions, i.e. annealing at 250°C for 750 h, would not be sufficient to achieve equilibrium conditions. Consequently, the optimized phase diagram by Uemitsu et al., [23] which is mostly based on the experimental work by Dannöhl and Gmöhling, [11] cannot be correct. The ternary s phase, first described by Andresen et al., [22] is located close to the a-BiMn phase field. Powder XRD as well as SEM/EDX measurements confirmed that it is a true ternary compound and not an extended solubility of Sb in a-BiMn. According to the phase equilibria shown in Fig. 2 the solubility of Sb in a-BiMn is less than 1 at.% at 320°C. Single crystal measurements showed that the ternary phase has a hexagonal structure (see chapter 4.4.). The narrow single-phase field of s ranges from about 4 to 10.3 at.% Sb and from about 49.2 to 53.4 at.% Mn.
The isothermal section shows six three-phase fields of which five were confirmed by at least one sample. The three-phase field (L ? a-BiMn ? s) was also confirmed by one sample but EDX results showed that its composition is very close to the phase boundary; therefore, it is shown by dashed lines. Both binary compounds, Mn 2 Sb and MnSb, show a rather low solid solubility of less than 4 at.% Bi. In samples containing MnSb in equilibrium with solid Bi 1-x Sb x , no ternary solid solubility was detected at all.
Isothermal Section at 600°C
The isothermal section at 600°C contains no additional solid phase besides the binary phases Mn 2 Sb and MnSb and the solid solution Bi 1-x Sb x . Two three-phase fields could be experimentally confirmed.
Concluding from the two binary systems, a continuous liquid phase field is suggested at this temperature, starting between * 72 and 100 at.% Bi on the Bi-Mn side, and ending between 13 and 21 at.% Mn on the Mn-Sb side. However, all SEM/EDX measurements of samples containing MnSb and L show a Mn content of less than 2 at.% for the quenched liquid phase as determined from area scans ( Table 2 ). This is, especially on the Sb rich side, significantly lower than expected from the binary systems. It must be assumed that, already during the quenching process, Mn and Sb crystallize as MnSb in addition to the MnSb crystallites growing during the annealing process. The crystallization during quenching leads to a depletion of Mn in the liquid. The same applies to MnSb present in [20] The rhombus represents the sample Bi 83.7 Mn 10 Sb 6.3 in which the primary crystallization cannot be identified by the micrographic texture (see Fig. 4e Fig. 4(b) and (c) . A detailed micrograph of sample Bi 86 Mn 8 Sb 6 shows that primary crystals of MnSb are surrounded by Mn 2 Sb. This indicates an equilibrium of the three phases MnSb, Mn 2 Sb and L, whereby the sample must be located outside of the liquid boundary. On the other hand, sample Bi 89 Mn 3 Sb 8 shows long thin needles of MnSb in an L(Bi) matrix (with L(Bi) designating Bi that had crystallized out of the liquid on quenching), which precipitated fast during the quenching process. This indicates that the sample is located in the single phase field L close to the phase boundary. The composition of the liquid was determined through EDX area scans of the solidified matrix in quenched samples. However, the concentration values of Bi and Sb show some scattering. All compositions listed in Table 2 are average values. Due to the discrepancies in the Mn content of the quenched liquid, the phase boundary itself is shown as a dashed line.
In the Sb-rich corner of the ternary phase diagram, a small section consists of L and solid (Sb). The boundaries of this two-phase field are defined on the one hand by the binary diagrams and on the other hand by a sample with the composition Bi 4 Mn 7 Sb 89 . This latter sample shows the three phases MnSb (formed during the quenching process), (Sb) and L; on the other hand, the sample exhibits a melting point of 589°C, which is 11°lower than the annealing temperature. Thus, it can be assumed that it is situated in the L single-phase field close to the L ? (Sb) two-phase field. The sample Bi 4 Mn 7 Sb 89 shows, similar to sample Bi 2 Mn 25 Sb 73 (Fig. 4d) , a globular eutectic structure composed of L(Sb) and MnSb.
In contrast to the isothermal section at 320°C the binary MnSb phase field is shifted to higher Mn contents and dissolves more, i.e. up to 6 at.% Bi. Figure 3 represents the best compromise of all available experimental results.
Liquidus Projection, Fields of Primary Crystallization and Ternary Reactions
All observed liquidus values from DTA measurements and results of a study of primary crystallization, based on 17 ascast samples, were combined with literature data for the binary subsystems to construct a liquidus surface projection of the entire Bi-Mn-Sb system. It is shown in Fig. 5 , and the corresponding experimental values are listed in Table 4 . Bold solid lines correspond to monovariant lines which are based on experimental results, whereas dashed lines indicate estimated monovariant lines; in both cases arrows point to lower temperatures. The isothermal lines are drawn as thin dotted lines. Because of using carbonized crucibles, the temperatures of thermal effects evaluated from DTA measurements are subject to an uncertainty, estimated to be up to 10°C.
Compared with the data by Dannöhl and Gmöhling [11] and Uemitsu et al. [23] the liquidus projection in Fig. 5 , including the fields of primary crystallization, looks quite different. On the other hand, the monovariant line originating from the binary eutectic MnSb ? Sb is in perfect agreement with the results by Durand-Charre et al. [20] (shown in Fig. 5 by small open circles) and by Dannöhl and Gmöhling. [11] The liquidus surface is dominated by the two large primary crystallization fields of MnSb and Mn 2 Sb and the four fields of the different Mn modifications. Because it is not possible to quench the c-and d-Mn modifications, their primary crystallization fields are estimated from the binary phase diagrams and drawn with dashed lines. Both the fields of primary crystallization of MnSb and Mn 2 Sb reach far to the Bi corner, i.e. to around 95 at.% Bi or slightly more.
From the micrographic texture of sample Bi 83.7 Mn 10 Sb 6.3 ( Fig. 4e) it is ambiguous if MnSb or Mn 2 Sb is the primary crystallization phase. Therefore, the sample is 
0.0136/0.0137
]/(n -p)} shown, as the only one, directly on the border between the two crystallization fields as a rhombus.
As can be seen from the liquidus projection in Fig. 5 , a series of invariant reactions occurs in the a very narrow composition range (estimated between about 94 and 97 at.% Bi), as well as in a very narrow temperature range. Although it is virtually impossible to deduce the correct sequence of reactions from experimental results, it is attempted to provide the most logical Scheil diagram in Fig. 6 . A corresponding schematic magnification of the liquidus projection in the Bi-rich corner is presented as an inset in Fig. 5 . It shows very narrow fields of primary crystallization for the ternary phase s as well as for a-BiMn and b-BiMn where the ternary phase s itself is formed in a ternary peritectic reaction. Figure 7 provides an isopleth for a constant Sb concentration of 10 at.%. Since the phase fields in the Bi-rich corner cannot be derived unequivocally from the experimental results (DTA and XRD) this part has been left out in the diagram. The DTA measurements of several bulk phases, containing the s phase, indicated that it is stable up to the ternary peritectic reaction at about 500°C (see Tables 3 and 5) .
In contrast to Andresen et al. [22] or Göbel et al. [21] who found an orthorhombic structure, space group P222 1 , a hexagonal structure (space group P6 3 /mmc) was found in the current study for this ternary phase.
Bi 0.8 MnSb 0.2 crystallizes with its own structure type that can be derived from the NiAs structure. The asymmetric unit of the structure contains 5 atomic positions which are listed together with their Wyckoff sites and site symmetries in Table 6 . However, one of these positions (Sb, 6h) is essentially vacant as the refined occupation factor is only 1.5%. This position which is only poorly occupied, seems to be a partial delocalization of Sb from the Bi position. Compared with the basic NiAs-type-realized e.g. in MnSb and BiMn-the cell parameters a, b = 8.5714(4) Å are approximately doubled whereas the parameter c = 5.7113(3) Å is slightly shorter.
In Bi 0.8 MnSb 0.2 the ratio of Mn-atoms to main group element atoms is 1:1, similar to the NiAs-type. However, the distribution of atoms in the unit cell differs significantly from the NiAs-and the related filled Ni 2 In-type structure, as discussed below.
The NiAs and Ni 2 In structures can be described based on the different stacking sequences of the 3 6 C and Ni 3/4 B ). As mentioned previously the crystal structure of the phase was described in the space group P222 1 by Andresen et al. [22] and Göbel et al. [21] ( Fig. 8a and b) . A transformation of the orthorhombic cell according to [ [21] is structurally related to. [22] A vacant position in the crystal structure described by Andresen et al. [22] is occupied by Mn atoms. A transformation of the orthorhombic cell parameters a Topological relations between Bi 0.9 MnSb 0.1 [22] respectively Bi 0.8 MnSb 0.2 [21] and the compound presented here are not evident. A comparison of the three different crystal structures is shown in Figs. 8(a) to (c) .
According to the current study, a violation of the hexagonal cell symmetry of the ternary phase Bi x MnSb 1-x is not likely as the anisotropies of the displacement parameters of all atoms are not conspicuous. An attempt to release the restriction of the cell parameters a and b results in insignificant differences only. Merging of symmetry equivalent reflections gives no hint for the requirements of a lowering of the Laue symmetry. One could argue that the ratio of the occupation factors for the mixed occupied position M2 (Bi2:Sb2 * 1:2) might indicate a reduction of the P6 3 /mmc symmetry. However, these atoms occupy the position 2c with site symmetry -6m2; order might be achieved only by an enlarged unit cell. A careful [21] colour coding: green Bi1/Sb1, dark green Bi2/Sb2, violet Mn1, light blue Mn2, red Mn3; (b) Bi 0.9 MnSb 0.1 after Andresen et al., [22] colour coding see (a); (c) Bi 0.8 MnSb 0.2 (s) this work, view down the c axes, colour coding: green Bi1, orange M2; violet Mn1, light blue Mn2; grey Sb (* 2% interstitial) (Color figure online) investigation of the reciprocal lattice obtained from the single-crystal experiments gave no evidence for any super structure reflections.
The composition measurements by SEM (BSE image in Fig. 4f) Structural parameters, coordinates and displacement parameters as well as interatomic distances are given in Tables 6, 7 , and 8. The refined atomic coordinates and structural parameters obtained by powder XRD are given in Table 9 ; Fig. 9 displays a 2h segment of the powder XRD pattern between 19°and 69°. The crystal structure itself is shown in Fig. 8(c) .
Further structural information was deposited with Fachinformationszentrum Karlsruhe 1 and can be obtained on quoting the depository number CCDC 1881822.
Conclusion
In an attempt to stabilize the ferromagnetic phase a-BiMn by the addition of a third element, the ternary Bi-Mn-Sb phase diagram was investigated experimentally. Earlier literature reports that the two NiAs-type phases BiMn and MnSb form a continuous solid solution could not be confirmed in the present study.
Based on the results of thermal analyses (DTA), powder XRD, and SEM-EDX a large part of the ternary phase diagram could be elucidated. This is shown in form of two isothermal sections at 320°C, i.e. at a temperature below the peritectic decomposition of a-BiMn (Fig. 2) , and 600°C (Fig. 3) as well as one isopleth at a constant Sb content of 10 at.% (Fig. 7) . A liquidus surface projection was constructed (Fig. 5) based on DTA results supported by the study of quenched samples to define the fields of primary crystallization. The liquidus projection indicates that several invariant reactions occur in the Bi-rich corner in a very narrow temperature and composition range between about 94 and 97 at.% Bi.
Instead of a continuous solid solution between a-BiMn and MnSb, a ternary intermetallic compound s with the approximate composition Bi 0.8 MnSb 0.2 was established. A ternary compound with this composition had already been known from literature, but its exact crystal structure was disputed. This ternary phase is formed in a peritectic reaction at about 500°C; single crystal XRD allowed to provide detailed information on its crystal structure (Fig. 8) . 
